Impedance matched and low loss transmission lines are essential for optimal energy delivery through an integrated optical or plasmonic nanocircuit. A novel method for the measurement of the attenuation and propagation constants of an antenna-coupled coplanar strip (CPS) transmission line is demonstrated at 28.3 THz using scattering-type scanning near-field optical microscopy. Reflection of the propagating optical wave upon an open-circuit or short-circuit load at the terminal of the CPS provides a standing voltage wave, which is mapped through the associated surface-normal E z electric near-field component at the metal-air interface. By fitting the analytical standing wave expression to the near-field data, the transmission line properties are determined. Full-wave models and measured results are presented and are in excellent agreement.
Introduction
An integrated optical or plasmonic nanocircuit consists of three basic components: an optical collector or receiver, a waveguide or transmission line, and a nonlocal nanoscale load in the form of, e.g., a molecule, a plasmonic nanoparticle, a detector, or a re-radiating antenna [1] [2] [3] [4] [5] . In particular, the efficient energy transduction through that antenna -transmission-line -load system as provided by an impedance matched and low loss transmission line is essential for optimal delivery of energy to the load. It is furthermore of interest to reduce the size of such a system, therefore prohibiting the use of dielectric waveguides, since their cross-sectional size is limited to a minimum on the order of the guided wavelength [6] . The size of the guiding structure can be reduced by either replacing the dielectric core with a negative index dielectric material to reduce the spatial extent of the guided mode [7] , or by replacing the dielectric waveguide by a transmission line. Applying concepts adapted from the radio frequency (RF) regime, the transmission line can be constructed of nanoinductors and nanocapacitors based on metamaterials [8] , a metal strip separated from a ground plane by a dielectric standoff layer creating a microstrip [9] , or two parallel metal wires forming a coplanar strip (CPS) transmission line. The latter stands out for its structural simplicity and the ease with which it can be integrated with planar antenna designs [10] [11] [12] .
A lack of detailed understanding of the relationship between geometrical or material parameters, and the corresponding transmission line attenuation and propagation constants has made the practical design of properly matched optical circuits challenging so far. In particular, at optical and infrared (IR) frequencies, transmission lines, typically patterned from thin metal films, are subject to loss resulting from damping associated with a large complex permittivity and surface roughness, and the influence of an inhomogeneous dielectric environment [13, 14] . In addition, metals in this frequency range exhibit a high sensitivity to geometrical details, with critical dimensions in the nanometer range, thus on the order of the size of fabrication imperfections. These effects make design of transmission lines in the optical regime using theory alone challenging, and create a need for a systematic experimental approach.
Extending previous efforts based on bolometric measurements [9, 11] , here we demonstrate the measurement of the attenuation and propagation constants of individual antenna-coupled CPSs at long-wave IR frequencies using scattering-type scanning near-field optical microscopy (s-SNOM), which we have previously used to characterize IR dipole antenna modes [13, 15] . Reflection of propagating optical excitation upon an open-circuit or short-circuit load at the terminal of the CPS provides a standing wave [16] , which is mapped through the phase-sensitive measurement of the associated surface-normal E z electric nearfield component at the metal-air interface. In addition, with the open and short loads, we provide the first practical steps towards impedance matching in the IR by demonstrating how the impedance mismatch between the CPS and load is visualized in the resulting standing wave.
Experiment
CPSs with nominally identical dimensions and therefore nominally identical attenuation and propagation constants are investigated with different antenna and load configurations. A dipole antenna is coupled to the CPS to provide excitation of a propagating mode, which is reflected at either an open-circuit or short-circuit termination to create a standing wave. The different types of terminations do not alter the characteristics of the transmission line, but shift the location of the standing wave maxima and minima.
As control experiments, two devices with identical CPS dimensions and corresponding open-circuit and short-circuit loads, but without dipole antennas, are investigated. The nearfield measurements of these devices reveal if the incident radiation couples into the transmission line through pathways other than the antenna.
The CPSs are fabricated on a high resistivity (3 -6 kΩ·cm) silicon wafer using standard electron-beam lithography techniques. The four devices are metalized with a 5 nm thick titanium adhesion layer and 105 nm thick layer of electron-beam evaporated gold (atomic force microscope (AFM) topographies of the four fabricated devices are shown in Fig. 3 ). As shown schematically in Fig. 1 , the silicon-air interface defines the xy-plane and the two parallel conductors of the CPS extend along the x-axis. The conductors are 5 µm long, 220 nm wide, and are separated by 110 nm. The ends of the conductors are unconnected for the opencircuit termination. The nominally short-circuit load is a 150 nm wide gold strip connecting the ends of the two conductors. The 1.8 µm long and 150 nm wide dipole is parallel to the y-axis. That antenna length corresponds to a resonant continuous half-wave dipole located at a silicon-air interface [15] . The s-SNOM measurements are conducted using a modified AFM (CP-Research, Veeco Inc.) operating in dynamic force mode and raster scanning the sample. The CPS devices are illuminated by a CO 2 laser operating at 10.6 µm with polarization in the y-direction, parallel to the antenna axis. The incident light E inc is focused using a Cassegrain objective (NA = 0.5) to a spot size of approximately 30 µm in diameter, propagating in the xz-plane at a 60° angle with respect to the surface normal. For very large samples, measures must be taken to ensure no phase change occurs at the excitation element. Platinum coated silicon tips (NanoWorld Arrow NCPt) are used to probe the optical near-field E nf . Cross-polarized excitation and detection, utilizing the preferential scattering of the tip-parallel E z field component, provides minimal tip-sample coupling and thus minimal distortion of the near-field signal [13, [17] [18] [19] [20] . Polarizing optics are used to control the reference field E ref to be polarized parallel to the scattered light E scat ∝ E z,nf . The superposition of the back-scattered near-field signal with the homodyne reference field at the mercury-cadmium-telluride (MCT) photodetector, using a Michelson interferometer, provides phase sensitive imaging [19, 20] as shown in Fig. 1(a) .
A cross-sectional view of the CPS is shown in Fig. 2 where the simulated electric field is plotted indicating a typical field distribution for our type of transmission line. The E z field components on top of the two conductors are equal in magnitude, but 180° out of phase. The AFM tip oscillates sinusoidally in the z-direction and therefore scatters the near-field at different heights. Since the AFM cantilever modulation amplitude is on the length scale of the electric near-field decay length above the sample surface (a few tens of nanometers), which is much less than the wavelength of the incident radiation, lock-in signal demodulation at the cantilever dither frequency or higher harmonics isolates the near-field from the background [13, 20] . The background suppression is most efficient the higher the harmonic, but at the cost of a weaker signal. In this experiment, the signal is recorded with a lock-in amplifier that is referenced to the second harmonic of the tip dither frequency.
Results
The recorded s-SNOM images of the four investigated devices are shown in Fig. 3 . The CPS with the open-circuit termination but without antenna (a) shows no variation in the measured s-SNOM signal, indicating that the incident radiation does not couple into this transmission line configuration. Variations in the measured s-SNOM signal of the short-circuit terminated CPS but also without antenna (b) signify that the incident radiation couples into this transmission line configuration, albeit weakly, through the short-circuit load itself, acting as an off-resonant dipole antenna via its elongated gold strip that is parallel to the polarization of the incident radiation.
In contrast, the antenna-coupled CPS sustains strong standing waves of comparable magnitude as shown for both the open-circuit load (c) and the short-circuit load (d). As expected, the standing waves on the adjacent conductors in both cases are out of phase by 180°. The red dashed lines located near x = −2 µm and x = −1 µm on the open-circuit and short-circuit loaded CPSs, respectively, indicate an amplitude maximum on one conductor and a minimum on the other conductor.
This phase behavior is further evident from Fig. 4 showing 
Data analysis
The spatial optical near-field variation E nf (x) along the transmission line represents a standing wave [16] . It results from the superposition of the forward propagating wave, which emanates from the dipole antenna, and the reflected wave at the impedance mismatched load propagating in opposite direction as described by:
where E d is the electric field on the transmission line at x = 0 µm, α and β are the attenuation and propagation constants, respectively, and Γ is the reflection coefficient. The propagation constant is related to the wavelength of the guided mode, β = 2 π / λ g . The guided wavelength is dependent on the structural dimensions of the transmission line and thus may not compare directly with the dipole effective wavelength [14, 15, 21] . We first analyze the antenna-coupled CPS with the open-circuit termination with s-SNOM results shown in Fig. 3(c) . The recorded s-SNOM signal I(x) is related to the standing wave near-field signal E nf (x) as described by Eq. (1) Equations (2) and (3) are fitted to the measured s-SNOM signal line traces using a nonlinear fitting algorithm that minimizes the sum of squares error, with results shown as a solid line in Fig. 4(a) . The attenuation constant, propagation constant, and the reflection coefficient are varied during the fitting procedure and are determined to be 64.2 mm −1 , 1.60 rad/µm, and 0.92e j0.35 , respectively.
For the short-circuit load, E nf (x) is the superposition of the wave emanating from the dipole antenna and the weaker wave coupled into the CPS by the short-circuit load given by ( )
where Γ s is the reflection coefficient of the wave reflected by the short-circuit load, and Γ d is the reflection coefficient of the wave reflected by the dipole. The resulting fit with α = 62.4 mm −1 , β = 1.53 rad/µm, Γ s = 0.51e j2.62 , and Γ d = 0.61e j4.81 is shown in Fig. 4(b) . The standing wave model used for the theoretical fit accurately describes the wave on the transmission lines in general, and thus allows for the determination of the attenuation and propagation constants. However, the model assumes an abrupt termination at each end of the transmission line. With the antenna or load extending the structure of the investigated transmission lines, the termination is not abrupt, resulting in a deviation between the measurement and model near the terminals [see Figs. 4(a) and 4(b)]. We thus limit the model fit to a truncated section of the transmission line, namely the region from −4.5 µm to −0.5 µm, where the model is accurate.
Simulation of CPS near-field distribution
Ansoft HFSS, which is based on the finite element method, is used to simulate the four CPS configurations investigated as 110 nm thick gold structures located at a silicon-air interface. The relative permittivities used for the simulation at 28.3 THz of gold (ε r ' = −4787 and ε r " = 1630) and silicon (ε r ' = 11.7 and ε r " = 1.52x10 −5 ) were measured with a J. A. Woollam IR-VASE ellipsometer. The devices are illuminated by a Gaussian beam with a 1/e 2 radius of 13 µm at its focus and an electric-field strength of 1 V/m polarized parallel to the axis of the dipole. The beam is incident onto the device in the xz-plane, forming a 60° angle with the z-axis.
The magnitude of the simulated E z field 20 nm above one of the conductors of both the antenna-coupled and non-antenna-coupled CPSs terminated in the open-circuit load is plotted in Fig. 5(a) . The near-field distribution is only visible on the simulated antenna-coupled CPS as expected and in agreement with the s-SNOM measurements in Figs. 3(a) and 3(c). The magnitude of Eq. (1), which represents a standing wave that is caused by radiation coupling into the transmission line only through the dipole antenna, is fitted to the magnitude of the simulated E z component on the antenna-coupled CPS with the open-circuit termination. The fitted standing wave is also plotted in Fig. 5(a) with the resulting attenuation constant, propagation constant, and reflection coefficient of 50.7 mm −1 , 1.53 rad/µm, and 1.00e -j0.31 , respectively.
The magnitude of the simulated E z component 20 nm above one of the conductors of the two short-circuit terminated CPSs are shown in Fig. 5(b) . In contrast to the open-circuit case, the short-circuit CPS without the antenna possesses a significant field distribution. This is in agreement with the measurements in Fig. 3(b) and the assignment that the load acts like a nonresonant receiving point-dipole antenna. The measured standing wave is not as pronounced as the simulated one, which likely results from the fact that the short-circuit load acts as an offresonant antenna, and is thus very sensitive to structural imperfections that are not accounted for in the simulations. The near-field distribution above the antenna-coupled CPS is the summation of the standing waves coupling into the transmission line through the dipole antenna and the short-circuit termination as expressed by Eq. (7) . The magnitude of Eq. (7) is fitted to the magnitude of the simulated E z field component above the antenna-coupled CPS with the short-circuit termination and the resulting fit with α = 50.3 mm −1 , β = 1.54 rad/µm, Γ s = 0.94e j3.30 , and Γ d = 0.39e j4.29 is shown in Fig. 5(b) . The median values of the measured attenuation and propagation constants of the nominally identical transmission lines are compared to the corresponding median values of the simulated CPSs in Table 1 . The dipole is located at x = −5 µm and the load is located at x = 0 µm. Figure 5(b) shows that the magnitude of the near-field distribution on the non-antennacoupled CPS with the short-circuit termination is actually larger than on the antenna-coupled CPS. This is explained by considering that the field distribution on the antenna-coupled transmission line is the summation of the complex fields that form two standing waves, as described by Eq. (7) . The complex fields of these standing waves are not in phase and therefore the magnitude of the total field distribution is less than the sum of the magnitude of the individual standing waves. As seen in Table 1 the simulated and measured propagation constants are in good agreement with each other. The guided wavelengths λ g , which are calculated from the propagation constants of the measured and simulated CPSs, are 4.0 µm and 4.1 µm, respectively.
The measured attenuation constant is larger than the simulated one. This might be attributable to the approximately 15 nm rms surface roughness of the fabricated devices, which is visible in the AFM topographies in Fig. 3 , but was not incorporated into the simulations. These surface defects cause localized scattering of the propagating wave leading to a reduction in its magnitude. Experiments in the RF show that transmission lines with surface roughness possess a larger attenuation constant when compared to transmission lines with less or no surface roughness [23,24].
Conclusion
Infrared radiation was coupled into CPS transmission lines via resonant dipole antennas. Reflection of the optical wave upon an open-circuit or short-circuit load creates a standing wave near-field distribution on the CPS. By imaging the standing wave using s-SNOM, and fitting the measured data to an analytical expression, we have experimentally determined the attenuation and propagation constants of the CPS.
The measured and simulated propagation constants show good agreement. The measured attenuation constants are slightly larger than the simulated ones, a discrepancy likely attributed to the surface roughness of the fabricated devices. The fabricated CPS can be used for signal transmission with a 0.55 dB loss over 1 µm and similar transmission lines have been used as short distance interconnects [3] . These results indicate that near-field measurements using s-SNOM allows for a quantitative characterization of infrared transmission lines.
